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IOXLG IORZ$FFRUGLQJ WRKLP D VLPSOHPLFURSRODU IOXLG LV D IOXHQWPHGLXPZKRVHSURSHUWLHV DQGEHKDYLRXU DUH
DIIHFWHGE\ WKH ORFDOPRWLRQVRI WKHPDWHULDOSDUWLFOHV FRQWDLQV LQ HDFKRI LWVYROXPHHOHPHQWV VXFK IOXLGSRVVHV
ORFDOLQHUWLD7KHVHW\SHVRIIOXLGVDUHXVHGLQDQDO\]LQJOLTXLGFU\VWDOVDQLPDOEORRGIOXLGIORZLQJLQEUDLQH[RWLF
OXEULFDQWVWKHIORZRIFROORLGDOVXVSHQVLRQSDLQWVWXUEXOHQWVKHDUIORZVDQGERG\IOXLGVERWKPDWKHPDWLFDOO\DQG
LQGXVWULDOO\6DULIXGGLQHW DO >@ H[DPLQHG+HDW WUDQVIHU WR0LFURSRODU IOXLG IORZLQJ WKURXJKDQ LUUHJXODU DUWHULDO
FRQVWULFWLRQ6LYD5HGG\6KHULDQG6ULQLYDVD5DMX>@KDYHVWXGLHG VRUHWHIIHFWRQXQVWHDG\PDJQHWRK\GURG\QDPLF
IUHHFRQYHFWLYHIORZSDVWDVHPL±LQILQLWHYHUWLFDOSODWHLQWKHSUHVHQFHRIYLVFRXVGLVVLSDWLRQ5DP5HGG\HWDO>@
DQDO\]HG QXPHULFDO 6ROXWLRQ IRUPL[HG FRQYHFWLRQ LQ D'DUF\ SRURXVPHGLXP VDWXUDWHGZLWK D0LFURSRODU IOXLG
XQGHUFRQYHFWLYH%RXQGDU\&RQGLWLRQXVLQJ6SHFWUDO4XDVL/LQHDUL]DWLRQPHWKRG
 7KHHIIHFWRIWKHUPDOUDGLDWLRQRQPDJQHWRK\GURG\QDPLFIORZDQGKHDWWUDQVIHUSUREOHPKDVEHFRPHPRUH




MRXOHKHDWLQJFKHPLFDO UHDFWLRQDQGUDGLDWLRQHIIHFWV3UDELU.XPDUHWDO >@ LQYHVWLJDWHG0+'0LFURSRODU IOXLG
ZLWKWKHUPDOUDGLDWLRQDQGWKHUPDOGLIIXVLRQLQD5RWDWLQJIUDPH
0DQ\ SUDFWLFDO GLIIXVLYH RSHUDWLRQV LQYROYH WKH PROHFXODU GLIIXVLRQ RI D VSHFLHV LQ WKH SUHVHQFH RI D
FKHPLFDO UHDFWLRQ ZLWKLQ RU DW WKH ERXQGDU\ &KHPLFDO UHDFWLRQV FDQ EH FRGLILHG DV HLWKHU KHWHURJHQHRXV RU
KRPRJHQHRXV SURFHVVHV 7KH VWXG\ RI KHDW DQG PDVV WUDQVIHU ZLWK FKHPLFDO UHDFWLRQV LV RI JUHDW SUDFWLFDO
LPSRUWDQFHWRHQJLQHHUVDQGVFLHQWLVWVEHFDXVHRILWVDOPRVWXQLYHUVDORFFXUUHQFHLQPDQ\EUDQFKHVRIVFLHQFHDQG
HQJLQHHULQJ6ULQLYDVDFKDU\DDQG8SHQGDU>@LQYHVWLJDWHGIUHHFRQYHFWLRQLQ0+'0LFURSRODUIOXLGZLWKUDGLDWLRQ
DQG FKHPLFDO UHDFWLRQ HIIHFWV 6RPH RWKHU UHODWHGZRUNV FDQ DOVR EH IRXQG LQ WKH SDSHU E\'DPHVK HW$O >@
6LYDUDM DQG 5XVKL .XPDU >@ DQG %DNU >@ 'DV >@ DQDO\]HG WKH HIIHFWV RI FKHPLFDO UHDFWLRQ DQG WKHUPDO
UDGLDWLRQRQKHDWDQGPDVVWUDQVIHUIORZRI0+'PLFURSRODUIOXLGLQDURWDWLQJIUDPHRIUHIHUHQFH
7KHREMHFWRIWKLVDUWLFOHLVWRVWXG\WKHKHDWDQGPDVVWUDQVIHUIORZRIPDJQHWRK\GURG\QDPLFPLFURSRODU
IOXLG LQ WKH SUHVHQFH RI YLVFRXV GLVVLSDWLRQ DQG FKHPLFDO UHDFWLRQ 7KH SUREOHP LV JRYHUQHG E\ WKH V\VWHP RI
FRXSOHG QRQOLQHDU SDUWLDO GLIIHUHQWLDO HTXDWLRQV DUH VROYHG E\ ILQLWH HOHPHQWPHWKRGZKLFK LVPRUH HFRQRPLFDO
IURPDFRPSXWDWLRQDOSRLQWRIYLHZ7KHHIIHFWVRIYDULRXVSDUDPHWHUVRQ WKH WUDQVODWLRQYHORFLW\PLFUR URWDWLRQ
WHPSHUDWXUHDQGFRQFHQWUDWLRQDUHSUHVHQWHGJUDSKLFDOO\
 0DWKHPDWLFDOIRUPXODWLRQ
/HWXVFRQVLGHU WKHXQVWHDG\ WKUHHGLPHQVLRQDOK\GURPDJQHWLFKHDWDQGPDVV WUDQVIHU IORZRIDQHOHFWULFDOO\
FRQGXFWLQJLQFRPSUHVVLEOHPLFURSRODUIOXLGSDVWDVHPLLQILQLWHYHUWLFDOSUHDPEOHPRYLQJSODWHIL[HGILUPO\LQDQ
XQLIRUPSRURXVPHGLXPDQGVXEMHFWHGWRDFRQVWDQWPDJQHWLFILHOG %R VHHLQILJXUHLQWKHSUHVHQFHRIYLVFRXV
GLVVLSDWLRQ DQG FKHPLFDO UHDFWLRQ 6RZH WDNH LQWR DFFRXQW RI WKLV WKH IORZ LV DVVXPHG WR EH LQ WKH [ GLUHFWLRQ
ZKLFKLVWDNHQDORQJWKHSODWHLQWKHXSZDUGGLUHFWLRQDQG ] D[LVLVQRUPDOWRLW$OVRLWLVDVVXPHGWKDWWKHZKROH
V\VWHPLV URWDWHZLWKDFRQVWDQWIUDPH [ LQDPLFURSRODU IOXLGDERXW ] D[LV ,W LVDVVXPHGWKDW LQGXFHGPDJQHWLF
ILHOGWKHRXWZDUGHOHFWULFILHOGDQGWKHHOHFWULFILHOGGXHWRWKHSRODUL]DWLRQRIFKDUJHUVDUHQHJOLJLEOH:HDVVXPH
WKDW WKH SODWH KDV DQ RVFLOODWRU\ PRYHPHQW RQ WLPH W DQG IUHTXHQF\ Q ZLWK YHORFLW\  WX ZKLFK LV JLYHQ E\
FRV QWU8X ε+= ZKHUH U8 LVXQLIRUPYHORFLW\DQGε LVVPDOOFRQVWDQW:HFRQVLGHULQLWLDOO\ <W EXWIRU ≥W
WKHZKROH V\VWHPZLOO URWDWHZLWK FRQVWDQW URWDWLQJ IUDPHΩ LQPLFUR SRODU IOXLG DERXW ] D[LV LQ WKH DEVHQFHRI
HOHFWULFILHOGEHFDXVHWKHUHLVQRDSSOLHGYROWDJH7KHUDGLDWLRQKHDWIOX[LQ [ GLUHFWLRQLVFRQVLGHUHGQHJOLJLEOHLQ
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:KHUH ZDQGYX YHORFLW\ FRPSRQHQWV DORQJ ]DQG\[ GLUHFWLRQV UHVSHFWLYHO\ ω DQG ω DUH PLFURURWDWLRQ
FRPSRQHQWV DORQJ [ DQG \ D[LV UHVSHFWLYHO\  ∞77FSUYJY 7 ββσρ DUH WKH NLQHPDWLF YLVFRVLW\
FRQVWDQW IOXLG GHQVLW\ HOHFWULFDO FRQGXFWLYLW\ RI WKH IOXLG DFFHOHUDWLRQ GXH WR JUDYLW\ NLQHPDWLF PLFURURWDWLRQ
YLVFRVLW\SUHVVXUHWKHFRHIILFLHQWVRIWKHUPDOH[SDQVLRQWKHFRHIILFLHQWVRIFRQFHQWUDWLRQH[SDQVLRQVWHPSHUDWXUH
RI WKH IOXLG ZLWKLQ WKH ERXQGDU\ OD\HU IOXLG WHPSHUDWXUH LQ WKH IUHH VWUHDP FRQFHQWUDWLRQ RI WKH VROXWH  WKH
FRQFHQWUDWLRQRIWKHVROXWHIDUDZD\IURPWKHSODWH VSHFLILFKHDWDWFRQVWDQWFKHPLFDOUHDFWLRQUDWHFRQVWDQWKHDW
VRXUFH SHUPHDELOLW\ RI SRURXV PHGLXP PROHFXODU GLIIXVLYLW\ VSLQ JUDGLHQW YHORFLW\ DQG PLFURLQHUWLD GHQVLW\
UHVSHFWLYHO\
7KHERXQGDU\FRQGLWLRQVDUHJLYHQE\
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E $VVXPHWKHIRUPRIWKHDSSUR[LPDWHVROXWLRQRYHUDW\SLFDOILQLWHHOHPHQW
F 'HULYHWKHILQLWHHOHPHQWHTXDWLRQVE\VXEVWLWXWLQJWKHDSSUR[LPDWHVROXWLRQLQWRYDULDWLRQDOIRUPXODWLRQ
7KHVH VWHSV UHVXOWV LQ DPDWUL[ HTXDWLRQRI WKH IRUP [ ]{ } { }HHH )X. = ZKLFKGHILQHV WKH ILQLWH HOHPHQW
PRGHORIWKHRULJLQDOHTXDWLRQ
LLL $VVHPEO\RIHOHPHQWV
7KH DOJHEUDLF HTXDWLRQV VR REWDLQHG DUH DVVHPEOHG E\ LPSRVLQJ WKH LQWHUHOHPHQW FRQWLQXLW\ FRQGLWLRQV


























τ        
 9DOLGDWLRQRI1XPHULFDOUHVXOWV
7KHDFFXUDF\RIWKHQXPHULFDOVFKHPHHPSOR\HGLQWKHSUHVHQWZRUNLVWHVWHGE\GLUHFWFRPSDULVRQZLWKSUHYLRXVO\
SXEOLVKHGZRUNE\'DV>@7DEOHGLVSOD\VFRPSDULVRQIRUWKHVNLQIULFWLRQ I& DQGZDOOFRXSOHVWUHVV Zτ ,WVHHQ
IURPWKHWDEOHWKDWWKHUHVXOWUHSRUWHGKDVDQH[FHOOHQWDJUHHPHQW7KLVOHQGVFRQILGHQFHWRWKHQXPHULFDOUHVXOWV
WREHUHSRUWHGVXEVHTXHQWO\




JUDSKLFDOO\ LQ)LJ7KHVH UHVXOWV DUHREWDLQHG WR LOOXVWUDWH WKH LQIOXHQFHRIYDULRXVSDUDPHWHUV RQ WUDQVODWLRQ
YHORFLW\9 PLFURURWDWLRQω WHPSHUDWXUHθ DQGFRQFHQWUDWLRQφ SURILOHV,QSUHVHQWVWXG\ZHDGRSWHGWKHIROORZLQJ
GHIDXOW SDUDPHWHU YDOXHV RI ILQLWH HOHPHQW FRPSXWDWLRQV  ==Δ==== 5.0*P*U
3U ====== .U6F(F4) $OO JUDSKV WKHUHIRUH FRUUHVSRQG WR WKHVH YDOXHV XQOHVV
'DV>@  3UHVHQW9DOXHV
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VSHFLILFDOO\LQGLFDWHGRQWKHDSSURSULDWHJUDSK
7KHHIIHFWRIDPLFURSRODUIOXLGYLVFRVLW\UDWLRSDUDPHWHUΔ RQWKHWUDQVODWLRQYHORFLW\SURILOHVLVSUHVHQWHG
LQ WKH )LJ LQ JHQHUDO WKH OLQHDU YHORFLW\ RI WKH IOXLG IRU 1HZWRQLDQ IOXLG  Δ   LV KLJKHU WKDQ WKDW RI QRQ
1HZWRQLDQ PLFUR SRODU IOXLG ,W VKRZV WKDW WKH WUDQVODWLRQ YHORFLW\ ILHOG GHFUHDVHV DV WKH LQFUHDVLQJ YDOXHV RI
YLVFRVLW\UDWLRSDUDPHWHUΔ ,QFDVHRI)LJPLFURURWDWLRQSURILOHVDOVRGHFUHDVHVDVLQFUHDVHRIΔ 
)LJVDQGSUHVHQWWKHEHKDYLRXURIWUDQVODWLRQYHORFLW\DQGPLFURURWDWLRQω SURILOHVIRUYDULRXVYDOXHV




7KH LQIOXHQFH RI YLVFRXV GLVVLSDWLRQ SDUDPHWHU LH WKH (FNHUW QXPEHU (F  RQ WKH WUDQVODWLRQ YHORFLW\
PLFURURWDWLRQDQGWHPSHUDWXUHSURILOHVDUHDVVKRZQLQ)LJVUHVSHFWLYHO\7KH(FNHUWQXPEHU (F H[SUHVVWKH
UHODWLRQVKLSEHWZHHQWKHNLQHWLFHQHUJ\IORZDQGWKHHQWKDOS\,WHPERGLHVWKHFRQYHUVLRQRINLQHWLFE\ZRUNGRQH
DJDLQVW WKHYLVFRXV IOXLG VWUHVVHV*UHDWHUYLVFRXVGLVVLSDWLYHKHDW FDXVHV D ULVH LQ WKH WHPSHUDWXUH DVZHOO DV WKH
WUDQVODWLRQYHORFLW\DQGPLFURURWDWLRQ
)LJV  UHSUHVHQW WKH LQIOXHQFH RI FKHPLFDO UHDFWLRQ SDUDPHWHU .U RQ WKH WUDQVODWLRQ YHORFLW\ PLFUR
URWDWLRQDQGFRQFHQWUDWLRQSURILOHVUHVSHFWLYHO\,QFUHDVLQJWKHFKHPLFDOUHDFWLRQSDUDPHWHU .U SURGXFHVDGHFUHDVH
LQ WKH FRQFHQWUDWLRQ ,Q WXUQ WKLV FDXVHV WKH FRQFHQWUDWLRQ EXR\DQF\ HIIHFWV WR GHFUHDVH DV .U LQFUHDVHV
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 &RQFOXVLRQV
0RWLYDWHGE\ WKHSUHYLRXVZRUNVDQGSRVVLEOHDSSOLFDWLRQV LQ WKLVSDSHUZHKDYHQXPHULFDOO\VWXGLHG
WKH KHDW DQGPDVV WUDQVIHU IORZ RI0+'PLFUR SRODU IOXLG LQ WKH SUHVHQFH RI YLVFRXV GLVVLSDWLRQ DQG FKHPLFDO
UHDFWLRQ7KHJRYHUQLQJHTXDWLRQVDUHVROYHGQXPHULFDOO\E\XVLQJWKHILQLWHHOHPHQWPHWKRG1XPHULFDOUHVXOWVDUH
UHSRUWHG IRU YDULRXV YDOXHV RI WKH SHUWLQHQW SDUDPHWHUV RI LQWHUHVW LH WKH HIIHFWV RI WKH YDULRXV SDUDPHWHUV RQ
WUDQVODWLRQYHORFLW\PLFURURWDWLRQ WHPSHUDWXUHDQGFRQFHQWUDWLRQSURILOHVDUHH[DPLQHG 7KHWUDQVODWLRQYHORFLW\
DQG PLFUR SRODU ILHOG GHFUHDVHV DV WKH LQFUHDVLQJ YDOXHV RI YLVFRVLW\ UDWLR SDUDPHWHU URWDWLRQDO SDUDPHWHU DQG
FKHPLFDOUHDFWLRQSDUDPHWHU7KHFRQFHQWUDWLRQGHFUHDVHVZLWKDQLQFUHDVHLQWKHFKHPLFDOUHDFWLRQSDUDPHWHU7KH
WHPSHUDWXUH DV ZHOO DV WKH WUDQVODWLRQ YHORFLW\ DQG PLFUR URWDWLRQ GHFUHDVHV ZLWK DQ LQFUHDVH LQ WKH YLVFRXV
GLVVLSDWLRQ
$FNQRZOHGJHPHQW
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